The indispensable role of macrophage migration inhibitory factor (MIF) in cancer cell proliferation is unambiguous, although which specific roles the cytokine plays to block apoptosis by preserving cell growth is still obscure. Using different cancer cell lines (AGS, HepG2, HCT116, and HeLa), here we report that the silencing of MIF severely deregulated mitochondrial structural dynamics by shifting the balance toward excess fission, besides inducing apoptosis with increasing sub-G 0 cells. Furthermore, enhanced mitochondrial Bax translocation along with cytochrome c release, down-regulation of Bcl-xL, and Bcl-2 as well as up-regulation of Bad, Bax, and p53 indicated the activation of a mitochondrial pathway of apoptosis upon MIF silencing. The data also indicate a concerted down-regulation of Opa1 and Mfn1 along with a significant elevation of Drp1, cumulatively causing mitochondrial fragmentation upon MIF silencing. Upregulation of Drp1 was found to be further coupled with fissogenic serine 616 phosphorylation and serine 637 dephosphorylation, thus ensuring enhanced mitochondrial translocation. Interestingly, MIF silencing was found to be associated with decreased NF-B activation. In fact, NF-B knockdown in turn increased mitochondrial fission and cell death. In addition, the silencing of CD74, the cognate receptor of MIF, remarkably increased mitochondrial fragmentation in addition to preventing cell proliferation, inducing mitochondrial depolarization, and increasing apoptotic cell death. This indicates the active operation of a MIF-regulated CD74 -NF-B signaling axis for maintaining mitochondrial stability and cell growth. Thus, we propose that MIF, through CD74, constitutively activates NF-B to control mitochondrial dynamics and stability for promoting carcinogenesis via averting apoptosis.
Macrophage migration inhibitory factor (MIF) 3 is a pluripotent inflammatory marker, which is widely known for its proinflammatory role in generating immune response by activating macrophages and T cells (1) . MIF has been shown to promote tumorigenesis in many models of colorectal adenomas, intestinal tumors, ovarian cancer, and hepatocellular carcinoma (2, 3) . MIF is high in both serum and epithelial cells of gastric cancer patients (4, 5) . The intricate association of up-regulated MIF expression in gastrointestinal tract malignancies makes MIF a biomarker for gastric cancer as well as a potential target in anti-cancer therapies. Despite its significance in cancer, the precise role of MIF in carcinogenesis is still elusive, although some critical MIF-mediated pathways including P115 (6) , inactivation of p53 (7) , and stimulation of angiogenesis (2) have been investigated. The literature also suggests that CD74, the cognate receptor of MIF, upon stimulation activates NF-B, a key molecular player in cancer and inflammation, which triggers the entry of stimulated cells into the S-phase, elevates DNA synthesis and cell division and augments BCL-X L expression (8) . CD74-MIF signaling is suspected to play a vital prognostic role in many malignancies (9) . Notably, clinical immunotherapies are also being conducted targeting CD74 by milatuzumab, the monoclonal anti-CD74 antibody, in malignancies like B-cell lymphomas (10) and multiple myeloma (11) .
Mitochondria are organelles that provide the majority of the energy in most cells by synthesizing ATP (12) . As mitochondria are dynamic organelles that continuously undergo fission and fusion (12) , mitochondrial structural integrity plays a critical role in metabolic functions (13) . Severe defects in either mitochondrial fusion or fission lead to mitochondrial dysfunction (14) . The Warburg effect proposes redundancy of mitochondrial oxidative phosphorylation as a major source of cellular bioenergy production; however the heterogeneity of cancer cell metabolism and the indispensability of mitochondrial integrity to meet bioenergetic requirements count beyond the conventional ideology (15, 16) . Therefore, targeting the fine structural balance and consequently "tinkering with" mitochondrial integrity may force tumors to initiate a death program (17, 18) , thereby qualifying as a promising antineoplastic strategy.
In the present study, we propose that MIF, via CD74, maintains mitochondrial stability to favor cancer cell proliferation. We also explored the contributing role of NF-B in maintaining the mitochondrial dynamic balance and physiological integrity to decide cell fate.
Results

MIF knockdown in gastric adenocarcinoma, hepatocellular carcinoma, cervical adenocarcinoma, and colorectal carcinoma cells destabilized mitochondria, increased mitochondrial fission, and reduced cell viability
MIF was knocked down in different human cancer cell lines (human gastric adenocarcinoma cells (AGS), HepG2, HCT116, and HeLa) by MIF-specific siRNA (siMIF) to investigate the role of MIF. Transfection efficiency was kinetically followed in AGS cells (Fig. 1A) , and the time point showing maximum knockdown efficiency was used for further studies on cellular and subcellular effects. Phase-contrast images for direct visualization of the AGS cells grossly indicated a significant reduction in cell density along with cytoarchitectural change indicative of compromised health with prominent rounding upon MIF knockdown (Fig. 1B) . The data also indicated that MIF silencing drastically retarded AGS cell proliferation, as evident from the reduced incorporation of [ 3 H]thymidine in the DNA of siMIF-treated cells compared with control siRNA-transfected cells as well as nontransfected cells (Fig. 1C ). Furthermore, to assess the effect of MIF knockdown on cell viability an MTT reduction assay was performed wherein the data indicated significantly reduced dehydrogenase activity in AGS cells conveying a loss of viability ( Fig. 1D ). We further checked the status of the mitochondrial transmembrane potential (⌬⌿m), the pivotal parameter maintaining mitochondrial stability. The data revealed significant depolarization of the mitochondria upon MIF silencing (Fig. 1E ). To assess mitochondrial functional status, we also measured total ATP content, which was found to be considerably reduced in the absence of MIF in AGS cells (Fig.  1F ). Using this scenario, we sought to know whether MIF had any role in regulating mitochondrial structural dynamics per se, because the loss of mitochondrial functionality and metabolic crisis are often linked with aberrant mitochondrial structure (19, 20) . Comparative analysis of mitochondrial morphology in control siRNA-transfected cells and MIF-silenced cells at different time points by live cell confocal microscopy revealed a significant increase in mitochondrial fission upon MIF silencing ( Fig. 1G ) even at 24 h post-transfection. Mitochondrial distribution according to the length classification was presented with scatter plots with specific color coding corresponding to the various size ranges. The data clearly indicated that siMIF treatment significantly reduced the population of elongated mitochondrial tubules (Ͼ4 m) ( Fig. 1G , scatter plots) com-pared with control at 24 h, which further continued to decrease with time. In addition to enhanced mitochondrial fission, a significant reduction in mitochondrial mass was also clearly evident from the depletion of the mitochondrial DNA (mtDNA) copy number upon siMIF treatment compared with control siRNA treatment ( Fig. 1H) . Collectively, the data indicated that knockdown of MIF enhanced mitochondrial fission followed by the elimination of structurally and physiologically compromised mitochondria. To check whether the mitochondrial instability triggered programmed cell death that could account for the observed loss of cell viability, flow cytometric analysis was done. Annexin V binding confirmed that apoptosis occurred at 48 h post-transfection, which subsequently progressed up to 72 h compared with control ( Fig. 2A) , although apoptotic changes were not significant at 24 h post-transfection. These data revealed that mitochondrial fragmentation preceded apoptosis upon MIF depletion. To check whether this enhanced mitochondrial fission could be attributed to any specific cell cycle alteration, flow cytometry-based AGS cell cycle analysis was done, which revealed a radical increase (Ϸ24% in siMIF-treated cells compared with 3% in control) in the sub-G 0 population (which conveys cell death) upon MIF knockdown ( Fig. 2B ). To find the link between mitochondrial structural destabilization and the induction of cell death, we measured the translocation of pro-apoptotic Bax to mitochondria. Immunoconfocal microscopy demonstrated enhanced mitochondrial translocation of Bax ( Fig. 2C ) following siMIF treatment, as measured by colocalization of fluorescent signals of mitochondria (red) and Bax (green) (Fig. 2C) . A line scan plot of merged images presented overlapping intensity peaks of enhanced Bax (green) and mitochondria (red) in MIF-silenced cells (Fig. 2C ). To check whether the aforesaid effect of MIF silencing is specific only to gastric carcinoma cells or is a generalized phenomenon, we used a hepatocellular carcinoma cell line, HepG2, wherein siMIF transfection was performed (Fig. 3A ). The data indicated reduced cell viability ( Fig. 3B ) along with significantly depolarized mitochondria ( Fig. 3C ) upon MIF knockdown compared with control. In addition, a significant degree of mitochondrial fragmentation was observed by live cell confocal imaging in MIF-silenced HepG2 cells compared with filamentous mitochondria in cells treated with control siRNA (Fig. 3D ). Considerable induction of apoptosis was also observed in MIFknocked down HepG2 cells ( Fig. 3E ). We further checked the effect of MIF knockdown in two other cancer cell lines, colorectal carcinoma cells (HCT116) and cervical carcinoma cells (HeLa), and the data corroborated findings in AGS and HepG2 cell lines by exhibiting significantly reduced viability in HeLa ( Fig. 4A ) and HCT116 cells ( Fig. 4C) . A comparative analysis of mitochondrial structural dynamics in MIF-silenced and control cells was done in HeLa ( Fig. 4B ) and HCT116 cells (Fig. 4D ), and enhanced mitochondrial fission upon MIF knockdown was clearly evident in both cases. We next directed our interest to AGS cells to further explore the molecular mechanism behind the observed phenomena. To follow the status of programmed cell death machinery, we checked the level of Bcl-2 family proteins and other apoptotic markers in MIF-silenced cells (Fig.  5A ). The data indicated a significant reduction in anti-apoptotic Bcl-2 and Bcl-xL proteins in concert with the elevation of MIF regulates mitochondrial dynamics and stability pro-apoptotic Bad, Bax, and cleaved caspase-3 levels ( Fig. 5A ). Interestingly expression of p53 was also shown to be up-regulated ( Fig. 5A ). Furthermore, an evaluation of cytochrome c distribution by ELISA revealed significant externalization from mitochondria into the cytosol, which strongly indicated toward the activation of intrinsic apoptosis ( Fig. 5B ). Caspase-3 also showed remarkably increased activity upon MIF silencing ( Fig.  5C ). Moreover, the instrumental role of intrinsic apoptosis in mediating the effects of MIF depletion was further validated by a caspase-3 inhibitor, Ac-DEVD-CHO; a significant reduction of apoptosis was documented when MIF-depleted cells were treated with Ac-DEVD-CHO ( Fig. 5D ). Mitochondrial stability, as well as cell viability, was significantly rescued by exogenous supplementation with recombinant human MIF (1 M) ( Fig.  6A ), proving the specificity of the proliferative action of MIF. To further validate the specificity of MIF on mitochondrial dynamics, we checked mitochondrial structure in siMIFtreated MIF supplemented cells ( Fig. 6B ). Interestingly, confocal micrographs of live cells and corresponding scatter plots revealed significant retention of filamentous mitochondria in the MIF-depleted cells supplemented with exogenous MIF compared with siMIF-treated only cells ( Fig. 6B ). Together, these data put forward evidence supporting the specific role of MIF on mitochondrial structure and cell survival.
Silencing of MIF increased the expression and mitochondrial translocation of Drp1 along with down-regulation of Opa1 (optic atrophy 1 protein)
The expression and localization of mitochondrial dynamicsassociated proteins were followed in control and MIF-silenced cells to confirm the induction of enhanced mitochondrial fission as observed in live cell microscopy. Mitochondrial fission is intricately associated with mitochondrial translocation of the cytosolic pro-fission mediator, Drp1 (dynamin-related protein 1) (21) . Western blot analysis confirmed Drp1 elevation ( Fig.  7A ), as well as enhanced phosphorylation at its serine 616 residue ( Fig. 7A , p-Drp-S616), which is essential for mitochondrial translocation. Moreover, phosphorylation at serine 637 residue (p-Drp-S637), which is known to prevent mitochondrial localization, was also found to be significantly reduced in the absence of MIF, indicating the prevalence of a fissogenic condition ( Fig. 7A ). High-resolution confocal immunofluorescent micrographs further pinpointed enhanced mitochondrial localization of Drp1 upon siMIF treatment ( Fig. 7B ). A line scan plot ( Fig. 7B ) clearly indicated the differential distribution of green and red intensity peaks corresponding to mitochondria and Drp1, respectively. Distinctly separated intensity peaks were observed in the control, indicating a lesser amount of colocalization, whereas spatial overlap of the two fluorescent signals in siMIF-treated cells indicated a high level of colocalization ( Fig. 7B ). Together, the data indicate that siMIF treatment enhanced mitochondrial fragmentation through elevated Drp1 import to the organelle. To validate the contribution of Drp1 in mediating MIF depletion-associated effects, Drp1 was knocked down ( Fig. 7C ) in MIF-silenced cells, and mitochondrial structure was evaluated ( Fig. 7D ). Interestingly, significant restoration of filamentous mitochondria was observed where Drp1 was knocked down in MIF-depleted cells (Fig. 7D ). The distribution of mitochondrial lengths in MIF and Drp1 double KD cells ( Fig. 7D , scatter plot, lower right panel) pointed toward a significant increase in filamentous mitochondrial population (Ͼ4 m) and lesser fragmented mitochondria (0.5-1.0 m) compared with siMIF treatment (Fig. 7D , scatter plot, lower right panel). Drp1 knockdown further attenuated cell death to a significant extent in MIF-silenced cells ( Fig. 8A ), establishing the role of Drp1-dependent mitochondrial fission in MIF silencing-induced cell death. In accord with the MTT data, flow cytometric analyses for annexin V-propidium iodide (PI) binding further confirmed the significant reduction in apoptosis upon Drp1 KD in MIF-silenced cells ( Fig. 8B ). Next we checked the status of the mitochondrial transmembrane potential (⌬⌿m), which exhibited minor restoration in mitochondrial membrane polarization upon Drp1 silencing in the absence of MIF ( Fig. 8C ). To assess mitochondrial functional status, we measured total ATP content, which was also not found to be significantly improved upon Drp1 KD in MIF-depleted AGS cells ( Fig. 8D ). Altogether, the data revealed that Drp1 KD could only rescue cell viability to some extent without showing major restoring effects on mitochondrial health and functionality in MIF-depleted cells. The assessment of key apoptosis mediators by immunoblotting further confirmed the anti-apoptotic effect of DRP1 silencing in MIF KD cells as indicated from significantly diminished Bax, whereas the Bcl-2 level was restored upon Drp1 KD in MIF-silenced cells ( Fig. 8E ). Now, the absence of complete restoration of cell viability rationally directed us to check other mitochondrial structural modulators controllable by MIF. In this context, we next explored the status of mitochondrial fusion regulator proteins. Interestingly, the mitochondrial fusion modulator Opa1 was found to be significantly down-regulated along with a decrease in mitofusin 1 (Mfn1) to some extent in siMIF-treated cells compared with control siRNA-treated cells, as measured by densitometric analysis of the immunoblot data ( Fig. 8F ). However, the Percentage values represent the number of cells emitting red or green signals, corresponding to the cells with polarized or depolarized mitochondria. 10,000 events were screened per experimental set, and a representative flow cytometry scatter plot of the gated cell population is presented. Percentages of cells are presented in each quadrant with the respective colors. PE, phycoerythrin. F, ATP content in control siRNA-and siMIF-treated AGS cells was evaluated with the help of a luciferase reaction-based technique; RLU values are presented. G, high-resolution confocal micrographs demonstrate mitochondrial fragmentation in cells transfected with control siRNA and siMIF at different time points (24, 48, and 72 h) post-transfection in AGS cells. Scale bar, 10 m. 80 -100 cells were randomly screened, and a single field was randomly selected for demonstration. Enlarged images of the region of interest (ROI) were prepared by digital zooming of the selected region for clear visualization of mitochondrial filaments. Quantification of the mitochondrial length distribution of control and siMIF-treated cells by LAS-X software is presented below each set of micrographs; 80 -100 cells were screened for the analysis. Scatter plots adjacent to each micrograph represent mitochondrial length distribution. Each color represents a specific filament length. H, ratio of mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) in control siRNA-and siMIF-treated cells. All experiments were done in triplicate. The details of each method are given under "Experimental procedures." **, p Ͻ 0.01, ***, p Ͻ 0.001 versus control calculated by unpaired Student's t test; ns ϭ nonsignificant; *, p Ͻ 0.05, **, p Ͻ 0.01, ***, p Ͻ 0.001 versus control calculated by ANOVA followed by Bonferroni's post hoc test. Percentage values represent the proportion of cells emitting respective signals. PE, phycoerythrin. D, high-resolution confocal micrographs to demonstrate mitochondrial fragmentation in control siRNA-and siMIF-treated HepG2 cells. Scale bar, 10 m. 80 -100 cells were screened randomly, and a single cell was selected randomly to demonstrate mitochondrial fission at the single-cell level. Enlarged images of the ROI were prepared by digital zooming of the selected region for clear visualization of mitochondrial filaments. Quantification of the mitochondrial length distribution of control and MIF-silenced cell by LAS-X software is provided beneath each set; 80 -100 cells were screened for the analysis. Scatter plots adjacent to each micrograph represented mitochondrial length distribution. Each color represents a specific filament length indicated in the inset of the scatter plot. E, flow cytometric analysis following FITC-annexin V/PI staining of control siRNA-and siMIF-treated HepG2 cells to determine apoptosis. Quadrants Q2 and Q4 correspond to late and early apoptosis, respectively, and cumulatively represent annexin V binding to cells undergoing apoptosis. All experiments were done in triplicate. The details of each method are given under "Experimental procedures. ns ϭ nonsignificant; *, p Ͻ 0.05, **, p Ͻ 0.01 versus control calculated by unpaired student's t test.
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change in the level of mitochondrial fusion mediator Mfn2 was not significant (Fig. 8F ).
MIF regulates nuclear translocation of NF-B to preserve filamentous mitochondria
The regulatory action of NF-B on cell proliferation and mitochondrial health (22) next prompted us to check the effect of MIF depletion on this pivotal transcription factor. The data indicated that MIF silencing significantly blocked nuclear translocation of NF-B in AGS cells, as evident from direct visualization by immunocytochemical imaging (Fig. 9A ). Confocal super-resolution imaging precisely pinpointed the subcellular distribution of NF-B (green), which was found significantly activated in the control siRNA-treated AGS cells with a clear predominance in the nucleus (blue), whereas siMIF treatment significantly restrained NF-B to the cytosol (Fig. 9A ). Moreover, ectopic supplementation with recombinant MIF in MIF KD cells rescued NF-B activation as evident from colocalization of the signals corresponding to NF-B and nucleus which was further quantified in terms of Pearson's correlation coefficient ( Fig. 9A ). Altogether, the data suggested that MIF silencing abrogated NF-B signaling. In this scenario, to check whether the absence of NF-B in the cell could produce effects similar to those of MIF KD, NF-B was knocked down (Fig. 9B ). The data indicated that cell viability was reduced considerably upon NF-B knockdown, as evident from the MTT reduction assay (Fig. 9C ), whereas apoptosis was induced significantly as observed by flow cytometry (Fig. 9D ). Because mitochondrial 
. Reduced viability because of MIF knockdown is positively associated with elevated mitochondrial fission in HeLa and HCT116 cells.
A, cell viability test by MTT reduction assay in control siRNA-and siMIF-treated HeLa cells. B, high-resolution confocal micrographs to demonstrate mitochondrial fragmentation in control siRNA-and siMIF-treated HeLa cells. Scale bar, 10 m. C, cell viability test by MTT reduction assay in control siRNA-and siMIF-treated HCT116 cells. D, high-resolution confocal micrographs to demonstrate mitochondrial fragmentation in HCT control siRNA-and siMIF-treated HCT116 cells. Scale bar, 10 m. 80 -100 cells were randomly screened and subjected to analysis; a single cell was randomly selected to demonstrate mitochondrial fission at the single-cell level. Enlarged images of the ROI were prepared by digital zooming of the selected region for clear visualization of mitochondrial filaments. Quantification of the mitochondrial length distribution of control and MIF-silenced cell by LAS-X software is provided beneath each set. The scatter graph adjacent to each micrograph represents mitochondrial length distribution. Each color represents a specific filament length as indicated in the inset of the scatter plot. The details of each method are given under "Experimental procedures." ns ϭ nonsignificant; *, p Ͻ 0.05; **, p Ͻ 0.01 versus control, calculated by unpaired Student's t test.
fragmentation and arrested NF-B signaling occurred as a consequence of MIF depletion, it seemed obligatory to inquire whether there was any plausible direct association of NF-B and mitochondrial dynamics. Hence we checked the mitochondrial structure in NF-B-silenced live cells by high-resolution confocal microscopy ( Fig. 9E ). Micrographs revealed enhanced mitochondrial fission upon NF-B knockdown in AGS cells (Fig. 9E ). The percent distribution of mitochondrial lengths in the absence of NF-B confirmed a significant reduction in the filamentous mitochondrial population compared with control siRNA treatment ( Fig. 9E , scatter plots, lower right panel). Collectively, the data suggested that the knockdown of NF-B induced mitochondrial fragmentation. Furthermore, the knockdown of NF-B neutralized the rescue effect of MIF supplementation in MIF KD cells as revealed by the flow cytometric data, where significant apoptosis was detected in the MIF-supplemented cells with MIF-NF-B double knockdown (Fig. 9F ). In this context, to check whether the restoration of the cellular NF-B level in MIF-silenced cells ameliorated mitochondrial and cellular pathology, NF-B was overexpressed by transfecting the AGS cells with NF-B p65 plasmid (pNF-B p65), and the parameters of the mitochondrial structure and function along with cell viability were followed ( Fig. 10 ). Flow cytometric analysis revealed restored mitochondrial trans- 
MIF regulates mitochondrial dynamics and stability
membrane potential (⌬⌿m) upon NF-B overexpression in siMIF-treated cells (Fig. 10A ). Moreover, confocal microscopic imaging of live cells revealed the maintenance of the mitochondrial filamentous population upon NF-B overexpression in MIF-silenced cells (Fig. 10B ). Micrographs also revealed decreased fission of mitochondria upon NF-B overexpression in MIF-deprived AGS cells (Fig. 10B ). We quantified the mitochondrial length distribution (Fig. 10B, lower panels) . The percent distribution of mitochondrial lengths after NF-B overexpression (Fig. 10B , scatter plots, lower right panel) confirmed a significant increase in mitochondrial filaments (Ͼ4 m) and a reduction in fragmented mitochondria (0.5-1.0 m) compared with siMIF treatment (Fig. 10B , scatter plots, lower right panel). In addition, reduced apoptosis upon NF-B overexpression in MIF-deprived AGS cells ( Fig. 10C ) was clearly evident. Altogether, the data suggest that MIF-dependent activation of NF-B seems instrumental in AGS cell viability.
MIF-CD74 interaction is instrumental in maintaining mitochondrial structural homeostasis
As MIF is a cytokine (23), we therefore checked for any probable autocrine/paracrine mode of action that might be operating in AGS cells. A paracrine mode of action would demand externalization followed by distribution of the concerned pro- tein on the cell surface as well as on adjacent cells. Confocal immunofluorescence micrographs revealed that MIF was dispersed throughout the cells, especially on the plasma membrane ( Fig. 11A) . Moreover, the cytozyme nature of the MIF was also evident from the tautomerase activity found in the AGS cell lysate and culture media ( Fig. 11B ), suggesting that MIF is secreted by the AGS cells. The immunoblot data further confirmed the aforesaid fact ( Fig. 11C ). CD74 is a cognate receptor of MIF that is located on the cell surface. We assumed that MIF-CD74 interaction may be critical for all the downstream actions of MIF. To test this assumption, we treated AGS cells with anti-CD74 antibody in the presence or absence of exogenously supplemented functional recombinant human MIF and followed cell proliferation by [ 3 H]thymidine uptake assay. Indeed, the treatment with antiCD74 antibody reduced AGS cell proliferation by ϳ40% compared with control, a change that even exogenous MIF could not rescue (Fig. 11D ). To further check the effect of the absence of receptors in AGS 
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cells, CD74 was knocked down (Fig. 11E ). Live cell confocal microscopy revealed significant deterioration in mitochondrial morphology in CD74-silenced cells compared with control cells (Fig. 11F ). Increased mitochondrial fragmentation was prominently observed in CD74-silenced cells compared with tubular mitochondria in cells treated with control siRNA (Fig.  11F ). Mitochondrial distribution according to length was calculated and presented with a specific color code (Fig. 11F , scatter plot, right panels), which pointed toward significant enhancement of the fragmented mitochondrial population upon siCD74 treatment compared with control siRNA (Fig.  11F, scatter plot, left panels) . Moreover, a significant reduction in cell viability upon CD74 silencing was revealed by an MTT reduction assay (Fig. 11G ). RNAi-dependent CD74 depletion also down-regulated the level of NF-B protein to some extent in AGS cells (Fig. 11H) ; however, no significant change was observed in the mRNA level (Fig. 11I ). In addition, pro-apoptotic Bax was found to be significantly up-regulated (Fig. 11H) . Moreover, the cellular ATP level was also found to be severally reduced (Fig. 11J) , and mitochondria were found to be signifi-cantly depolarized (Fig. 11K ) along with increased apoptosis (Fig. 11L ) upon CD74 KD. Collectively, the data indicated that selective knockdown of CD74 induced pronounced deterioration of mitochondrial function and morphological integrity to trigger apoptosis.
Discussion
In this study, we report the essential role of MIF in maintaining mitochondrial dynamics and stability in cancer cells to promote proliferation. We also provide evidence that MIF, through CD74, constitutively activates NF-B, which in turn controls the mitochondrial fission-fusion balance, which decides mitochondrial structural and functional stability.
Most cancer cells, including human AGS cells, inherently produce a very high level of MIF (24). We evaluated the mitochondrial morphology and cell proliferation of AGS, HepG2, HeLa, and HCT116 cells after silencing MIF to check whether the observed effects are common in cancer. Mitochondrial instability is detrimental because it can trigger an intrinsic pathway of apoptosis. Therefore, cancer cells deploy a strict surveilling arsenal of cytoprotective proteins that tightly regulate their mitochondrial integrity and fission-fusion balance, levying apoptotic block to ensure sustained proliferation. Thus, targeting the mitochondrial dynamics of cancer cells could unveil novel anti-neoplastic strategies. In the aforesaid context, to elucidate the plausible regulatory action of MIF on maintaining the mitochondrial structural dynamic balance, we monitored mitochondrial functional and structural alterations upon MIF knockdown.
Healthy mitochondria supply energy, perform metabolic regulation, and control redox homeostasis. In cancer cells, mitochondria are among the primary concerns because of their lethal capacity to activate apoptosis. Because the retardation of cell proliferation along with loss of cell viability was evident upon MIF knockdown, we were interested in assessing mitochondrial stability in the absence of MIF. In this context, significant mitochondrial depolarization, coupled with reduced ATP production, pointed toward compromised electron transport chain functionality. Mitochondrial fragmentation often occurs as a result of inner membrane depolarization and vice versa (25) . Mitochondrial structure and function maintain the balance between anti-and pro-apoptotic signaling in most cells (26) and determine the sensitivity to anti-neoplastic drugs like cisplatin and staurosporine in cancer cells (27, 28) . Aberrant mitochondrial fission is often intricately associated with mitochondrial pathology (29, 30) , which can trigger apoptosis. Hence, we were keen to know whether MIF plays any role in maintaining mitochondrial dynamic equilibrium. Real-time visualization of mitochondrial structure in live cells followed by morphometric analysis showed that an absence of MIF interferes with the maintenance of mitochondrial dynamics by shifting the balance toward excess fission. Kinetic analysis of mitochondrial fragmentation in relation to apoptosis suggested that indeed mitochondrial fragmentation preceded apoptosis during MIF knockdown, thereby sensitizing the cells to progressively die at the advanced hours of transfection when the cells severely lack MIF. Notably, mitochondrial fission is also a physiological process that actively operates during cell division for mitochondrial segregation into the resultant daughter cells. Therefore, to check whether the observed fission was a characteristic event taking place during any specific stage of the cell cycle in siMIF-treated cells, we analyzed the cell cycle in the absence of MIF. No significant alteration in the cell cycle was observed upon siMIF transfection; however, an increase in the sub-G 0 population clearly indicated enhanced cell death upon MIF silencing. Interestingly, enhanced fission was found to be positively associated with a significant compromise in mitochondrial health and functionality, as evident from membrane depolarization and ATP formation, leading to cellular bioenergetic crisis. Functionally compromised mitochondria are normally eliminated from the cell (31, 32) , leading to a partial reduction in mitochondrial mass (33) . siMIF-induced reduction in the mtDNA copy number is therefore a prominent proof of enhanced clearance of the functionally compromised mitochondria, further justifying the radical depletion in ATP upon MIF silencing. Excess mitochondrial fission, coupled with elevated clearance and the ensuing bioenergetic crisis, is generally associated with mitochondrial recruitment of the mitochondrial permeability transition pore-forming Bax to initiate cell death via cytochrome c release into the cytosol (34, 35) for apoptosome formation. In the aforesaid context, it is worth mentioning that MIF knockdown-associated hyperfission was positively linked with enhanced Bax translocation to the mitochondria along with concomitant externalization of cytochrome c. Interestingly, the instrumental role of caspase-3, and hence intrinsic apoptosis in mediating MIF depletionassociated apoptotic sensitization, was further confirmed by A, cell viability test by MTT reduction assay in control siRNA, siMIF, and siMIF ϩ siDrp1 double-transfected AGS cells. B, flow cytometric analysis to determine apoptosis in control siRNA, siMIF, and siMIF ϩ siDrp1 doubletransfected cells with the help of FITC-annexin V/PI staining. 10,000 events were screened per experimental set, and a representative flow cytometry scatter plot of the gated cell population is presented. Quadrants Q2 and Q4 correspond to late and early apoptosis, respectively, and cumulatively represent annexin V binding to cells undergoing apoptosis. Percentages of cells are presented in each respective quadrant. The data presented are representative of three independent experiments. PE, phycoerythrin. C, flow cytometric analysis to follow mitochondrial transmembrane potential (⌬⌿m) in control siRNA, siMIF, and siMIF ϩ siDrp1 double-transfected cells. The red signals in the scatter plots correspond to JC-1 aggregates fluorescing at 590 nm, and the green signals indicate JC-1 monomers (corresponding to depolarized mitochondria) fluorescing at 530 nm. Percentage values represent the number of cells emitting red or green signals, corresponding to the cells with polarized or depolarized mitochondria, respectively. 10,000 events were screened per experimental set, and a representative flow cytometry scatter plot of the gated cell population is presented. D, ATP content in control siRNA, siMIF, and siMIF ϩ siDrp1 doubletransfected cells measured by a luciferase reaction-based technique; RLU values are presented as -fold relative to control siRNA-treated cells. E, immunoblot analysis to follow the expression of Bcl-2, Bcl-xL, Bax, MIF, and Drp1 in the control siRNA, siMIF, siDrp1, and siMIF ϩ siDrp1 double-transfected cells. Actin was used as the loading control, and numerical values corresponding to the densitometric analysis of the immunoblot data are provided below the bands. F, immunoblot analysis of key mitochondrial fusion mediators Opa1, Mfn1, and Mfn2 in control siRNA-and siMIF-treated AGS cells. Actin was used as the loading control, and numerical values corresponding to the densitometric analysis of the immunoblot data are provided below the bands. The details of each method are given under "Experimental procedures." ***, p Ͻ 0.001 versus control; #, p Ͻ 0.05 versus siMIF treatment calculated by ANOVA followed by Bonferroni's post hoc test; ns ϭ nonsignificant versus control as calculated by Student's t test.
the responsiveness to a specific caspase-3 inhibitor. Furthermore, the rescue effect of exogenous MIF supplementation, in a MIF KD background, on mitochondrial dynamics and apoptosis validated the obligatory role of MIF in maintaining mitochondrial integrity and associated cell viability. Because mitochondrial fragmentation proceeds with sequential posttranslational modification of fissogenic GTPase Drp1, conducive for allowing mitochondrial translocation, the observation of Drp1 serine 616 and serine 637 phosphorylation upon MIF knockdown clearly pointed toward the operation of Drp1depedent fission as the predominant fissogenic event in the present study. However, it is noteworthy that Drp1 knockdown was not sufficient to restore complete metabolic integrity (by rescuing siMIF-induced mitochondrial membrane depolarization and ATP depletion), although significant protection against apoptosis was successfully conferred to retain viability. A logical explanation for this apparent discrepancy is that, although prevention of mitochondrial structural instability might have interfered with aggravating apoptotic sensitization because of the loss of MIF, it failed to preserve metabolic integrity, which might be regulated by a complex interplay of myriad subcellular and microenvironmental factors. Moreover, the apparently enhanced responsiveness of Bcl-2 over Bcl-xL because of Drp1 knockdown in MIF-depleted cells further pointed toward the differential interplay of Bcl-2 family proteins in a condition-specific manner. In addition to fissogenic mediators, mitochondrial dynamics and hence physiological integrity is under the strict regulation of fusogenic mediators as well (19) . In this regard MIF depletion-associated pro-fission signaling is further potentiated by reduced expression of fusion mediators including Opa1 and Mfn1 to some extent, thereby implying a synergistic effect of both fission and fusion mediators in eliciting mitochondrial structural destabilization. Hence, it can be safely postulated that selective knockdown of MIF causes AGS cell lethality by incurring mitochondrial pathology.
CD74 is a cognate receptor of MIF that is located on the cell surface. The intracellular domain of CD74, upon MIF-CD74 interaction, undergoes proteolytic processing to activate sev-eral downstream signaling pathways, which ultimately leads to cell proliferation. CD74-MIF interaction-mediated molecular signal transduction often involves the nuclear translocation of the key transcription factor NF-B (36 -38) , which orchestrate anti-apoptotic responses in both cancer (39) and normal cells (40) . Several molecular pathways connecting NF-B and mitochondria have been investigated for the possible cause of apoptosis or growth retardation (5, 7) ; however, the exact mechanism is still elusive. To this end, the present study highlights the regulation of NF-B activation via the CD74/MIF pathway. Recent studies also indicate that NF-B controls mitochondrial dynamics (22) along with many BCL-2 family proteins important in maintaining cell viability (41) . It has been established that NF-B activation during cell proliferation is associated with the preservation of mitochondrial integrity (42) (43) . Recently, it also has been shown that NF-B signaling has a direct impact on the mitochondrial network and expression of OPA1, the inner mitochondrial membrane pro-fusion GTPase responsible for cristae remodeling (22) and hence proper retention of cytochrome c within mitochondria (44, 45) . In this regard, we inquired as to the role of NF-B signaling in MIFmediated apoptotic block and found a prominent inhibition of NF-B signaling upon treatment with siMIF via restricted activation and nuclear translocation of this transcription factor, thereby collapsing the prosurvival network. Notably, treatment with siRNA specific to NF-B was also found to be positively associated with mitochondrial fragmentation and the associated depletion in cellular viability, thereby triggering apoptosis. In addition NF-B-KD also neutralized the rescue effect of recombinant MIF supplementation. Interestingly, overexpression of NF-B in MIF-depleted cells and the consequent restoration of mitochondrial structural and functional homeostasis and cell viability confirmed the quintessential role of NF-B and mitochondrial dynamic balance in maintaining MIF-dependent cancer cell integrity.
The detection of MIF on the plasma membrane as well as within AGS cells highlighted the existence of this active cytozyme, which was further reiterated in its presence in the cell lysate and culture medium, indicating its autocrine and 
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paracrine nature, respectively. MIF transduces most of its biomolecular signals upon interaction with its transmembrane receptor, CD74 (46) , apart from interactions with other receptors like CD44, CXCR2, CXCR4, and CXCR7. In the aforesaid context, we were very curious to know the fate of AGS cells after blocking the signal initiation by interfering with MIF-CD74 interaction as well as CD74 depletion. Interestingly, anti-CD74 antibody-induced retardation of cell growth closely corroborated the data exhibiting loss of cell viability upon CD74 knockdown. Notably, CD74 knockdown exhibited an effect similar to Percentage values represent the number of cells emitting red or green signals, corresponding to cells with polarized or depolarized mitochondria. 10,000 events/experimental set were screened, and a representative flow cytometry scatter plot of the gated cell population is presented. B, high-resolution confocal micrographs demonstrate mitochondrial fragmentation in empty vector and siMIFand siMIF ϩ pNF-B p65-treated AGS cells. Scale bar, 10 m. 80 -100 cells were randomly screened, and a single field was randomly selected for demonstration. Enlarged images of the ROI were prepared by digital zooming of the selected region for clear visualization of mitochondrial filaments. Quantification of the mitochondrial length distribution of control and MIF-silenced cell by LAS-X software is presented below each set of micrographs. 80 -100 cells were screened for the analysis. Scatter plots in the lower right quadrant of each panel represent mitochondrial length distribution. Each color represents a specific filament length. C, flow cytometric analysis of apoptosis in AGS cells treated with empty vector or siMIF or siMIF ϩ pNF-B p65 with the help of FITC-annexin V/PI staining. 10,000 events/experimental set were screened, and a representative flow cytometry scatter plot of the gated cell population is presented. Quadrants Q2 and Q4 correspond to late and early apoptosis, respectively, and cumulatively represent annexin V binding to cells undergoing apoptosis. Percentages of cells are presented in each respective quadrant. The data presented are representative of three independent experiments. All experiments were done in triplicate. The details of each method are given under "Experimental procedures." PE, phycoerythrin. ns ϭ nonsignificant; *, p Ͻ 0.05 and **, p Ͻ 0.01 versus control; #, p Ͻ 0.05 and ##, p Ͻ 0.01 versus siMIF treatment calculated by ANOVA followed by Bonferroni's post hoc test.
MIF silencing on mitochondrial integrity, bioenergetic status, and cellular viability, inducing increased fission and apoptosis as evident from the increase in Bax; this further justified the flow cytometry-based evidence of apoptosis. Prosurvival NF-B, which is constitutively activated in cancer cells, was found to be reduced to some extent upon CD74 knockdown; however, not much change in transcript level could be documented. It may be presumed that owing to the multiple regula-
tory actions of NF-B in diverse cellular processes (47), its expression is tightly regulated (48, 49) . However the decrease in protein level is probably because of MIF depletion-associated restricted cell proliferation along with no transcriptional upregulation/compensation during advanced apoptosis. Taken together, these observations confirm the active operation of CD74-MIF cross-talk to ensure cancer cell viability by maintaining mitochondrial dynamic integrity.
In conclusion, we propose that MIF, which is endogenously overexpressed in AGS cells, acts as a critical regulator of mitochondrial fission-fusion dynamics and health to sustain cell proliferation by imparting apoptotic block via interaction with CD74 and consequent NF-B activation. Thus, disruption of MIF-induced prosurvival signaling by targeting the mitochondrial dynamics might serve as a potent noncanonical anti-neoplastic therapeutic target against gastric carcinoma.
Experimental procedures
Materials
MTT, phosphatase inhibitor mixture, and paraformaldehyde were obtained from Sigma. Fetal bovine serum, MitoTracker Red, JC-1, Alexa Fluor 647, Alexa Fluor 488, and Oregon green 488 -tagged antibodies, an ATP determination kit, Opti-MEM, and Lipofectamine RNAiMAX were procured from Life Technologies. MIF siRNA (sc-37137), Drp1 siRNA (sc-43732), CD74 siRNA (sc-35023), NF-B (p65) siRNA (sc-29410), and control siRNA (sc-37007) as well as antibodies specific for Bcl-2 (sc-7382), Bax (sc-7480), TOM20 (sc-136211), CD74 (sc-5438), and Bcl-xL (sc-8392 and 2764T) were procured from Santa Cruz Biotechnology. MIF (ab175189), CD-74 (ab9514), NF-B (p65) (ab7970), Drp-1 (ab54038), Mfn1 (ab57602), and Mfn2 (ab56889) antibodies were procured from Abcam. Actin antibody was obtained from Biovision (3598R-100). Antibodies to Bad (9292S), cleaved caspase-3 (9664s), p53 (9282s), p-Drp-S616 (3455s) and p-Drp-S637 (4867s) were purchased from Cell Signaling Technology. pNF-B p65 (overexpression plasmid) was purchased from Addgene. The protease inhibitor mixture was purchased from Calbiochem. Ham's F-12K (Kaighn's) modification medium and Dulbecco's modified Eagle's medium (DMEM) were procured from HiMedia Laboratories. All other reagents were of analytical grade purity.
Human gastric adenocarcinoma, hepatocellular carcinoma, cervical adenocarcinoma, and colorectal carcinoma cell culture
AGS cells (human gastric epithelial cells, ATCC CRL-1739) and HepG2 (human hepatocellular carcinoma cells, ATCC HB-8065) were obtained from American Type Culture Collection (Manassas, VA). AGS and HepG2 cells were cultured in nutrient mixture Ham's F-12K (Kaighn's) modification medium and DMEM, respectively, supplemented with 10% fetal bovine serum. HCT116 (human colorectal carcinoma) and HeLa (human cervical adenocarcinoma) cells were cultured in DMEM supplemented with 10% fetal bovine serum. All cell culture media were supplemented with 100 units/ml penicillin, 100 g/ml streptomycin, and 10 g/ml gentamycin. The cells were maintained at 37°C in a 5% CO 2 incubator. The cells were split by trypsinization in 1ϫ trypsin-EDTA solution once every 3 days. For all experiments, cells between passage numbers 5 and 10 were used. For immunofluorescence studies, cells were grown on polylysine-coated glass coverslips or glassbottom culture dishes.
siRNA and other treatments in AGS, HepG2, HCT116, and HeLa cell lines
Transfection with MIF, Drp1, NF-B, and CD74 siRNAs (siMIF, siDrp1, siNF-B, and siCD74) was performed according to the manufacturer's protocol. Briefly, 80 pM siRNA and Lipofectamine suspended in Opti-MEM was used for each transfection. After transfection, the cells were incubated overnight. Next day, the medium was replaced by complete cell culture medium, and cells were maintained for 72 h. Different incubations (for 24 and 48 h) were done to check time-dependent knockdown and transfection efficiency. Transfections Percentage values represent the number of cells emitting red or green signals and correspond to the cells with polarized or depolarized mitochondria. 10,000 events/experimental set were screened, and a representative flow cytometry scatter plot of the gated cell population is presented. L, flow cytometric analysis to determine the cell death in control siRNA-and siCD74-treated AGS cells with the help of FITC-annexin V/PI staining. 10,000 events were screened/ experimental set, and a representative flow cytometry scatter plot of the gated cell population is presented. Quadrants Q2 and Q4 correspond to late and early apoptosis, respectively, and cumulatively represent annexin V binding to cells undergoing apoptosis. Percentages of cells are presented in each respective quadrant. The data presented are representative of three independent experiments. All experiments were done in triplicate. The details of each method are described under "Experimental procedures." ns ϭ nonsignificant; *, p Ͻ 0.05 and **, p Ͻ 0.01 versus control calculated by unpaired Student's t test. ns ϭ nonsignificant with respect to anti-CD74 treatment; ***, p Ͻ 0.001 versus control, calculated by ANOVA followed by Bonferroni's post hoc test.
with scrambled siRNAs (control siRNA) were performed each time. Cells were harvested at 72 h post-transfection (siMIF, siNF-B, and siCD74) and 48 h post-transfection (siDrp1) and processed for subsequent assays. The sequences of the siRNA used are as follows, where all sequences are provided in 5Ј 3 3Ј orientation. MIF siRNA (sc-37137) is a pool of three different siRNA duplexes: sc-37137A, sense, GACAGGGUCUACAU-CAACUtt, and antisense, AGUUGAUGUAGACCCUGUCtt; sc-37137B, sense, CAGGGUCUACAUCAACUAUtt, and antisense, AUAGUUGAUGUAGACCCUGtt; and sc-37137C, sense, GAGAAAUAAACGGUUUAGAtt, and antisense, UCUAAAC-CGUUUAUUUCUCtt. The DRP1 siRNA (sc-43732) sequence is: sense, AACGCAGAGCAGCGGAAAGAGtt, and antisense, CUC-UUUCCGCUGCUCUGCGUUtt. CD74 siRNA (sc-35023) is a pool of three different siRNA duplexes: sc-35023A, sense, CCCA-AGCCUGUGAGCAAGAtt, and antisense, UCUUGCUCACA-GGCUUGGGtt; sc-35023B, sense, GAGAGCUGGAUGCACC-AUUtt, and antisense, AAUGGUGCAUCCAGCUCUCtt; and sc-35023C, sense, CUGACGCUCCACCGAAAGAtt, and antisense, UCUUUCGGUGGAGCGUCAGtt. The NF-B p65 siRNA (sc-29410) sequence is: sense, GCCCUAUCCCUUUACGUCtt, and antisense, GACGUAAAGGGAUAGGGCtt. Overexpression of NF-B was achieved by Lipofectamine-mediated transfection of NF-B p65 plasmid (pNF-B p65). In the caspase-3 inhibition assay, the caspase-3 inhibitor Ac-DEVD-CHO (20 M) was added 30 min before siRNA treatment (50) .
Immunoblot analysis
AGS cells were lysed in cell lysis buffer supplemented with the protease inhibitor mixture and subsequently centrifuged. The supernatant was quantified by the Lowry method (51), and 50 g of protein was resolved in 10% SDS-PAGE at constant voltage (100 V) for immunoblotting. Prestained standards used as molecular weight markers were run in parallel. Proteins were then transferred to a nitrocellulose membrane by wet transfer method with a current intensity of 400 mA for 75 min in a 190 mM glycine, 20 mM Tris base buffer, pH 8.3, containing 20% methanol. The membrane was incubated for 1 h in 5% nonfat dry milk blocking buffer in TBS (25 mM Tris, 150 mM NaCl, and 2 mM KCl, pH 7.4). The membrane was incubated overnight at 4°C with the following antibodies: anti-MIF (dilution 1:1000), anti-␤-actin (dilution 1:2000), anti-Bcl-2 (dilution 1:500), anti-Bcl-xL (dilution 1:1000), anti-Bax (dilution 1:400), anti-Bad (dilution 1:1000), anti-cleaved caspase-3 (dilution 1:1000), anti-p53 (dilution 1:1000), anti-Drp1 (dilution 1:1000 for Abcam and 1:500 for Santa Cruz Biotechnology), anti-p-Drp-S616 (dilution 1:1000), and anti-p-Drp-S637 (dilution 1:1000), anti-Opa1 (dilution 1: 1000), anti-Mfn1 (dilution 1:1000), anti-Mfn2 (dilution 1:1000), anti-CD74 (dilution 1:1000), and anti-NF-B (dilution 1:1000). After washing with TBS solution containing 0.1% Tween 20 (TBS-T buffer), the membrane was incubated for 2 h in secondary antibody solution (1:2000 horseradish peroxidase-labeled anti-rabbit or anti-mouse IgG). Subsequently the membrane was washed with TBS-T buffer, and the protein bands were detected in a Bio-Rad ChemiDoc MP imaging system. Densitometric analysis of the detected bands was performed using ImageJ software.
[ 3 H]Thymidine incorporation to follow cell proliferation
AGS cells (1 ϫ 10 4 cells/ml) were seeded in triplicates for each set in 96-well plates and allowed to grow for 36 h. Thereafter, transfection was done and kept for another 48 h after which [ 3 H]thymidine (5 Ci) was added, and the cells were again incubated for 24 h. Finally the cells were harvested and transferred to scintillation liquid. For the CD74 neutralization experiment, cells were incubated with anti-CD74 antibody (52), and [ 3 H]thymidine was added after 24 h of incubation. After 24 h, radioactive counts were taken in a scintillation counter (Tri-Carb 2810TR, PerkinElmer) and expressed as disintegrations/min.
Cell viability assessment by MTT reduction
Mitochondrial dehydrogenase activity was measured by MTT reduction assay. Briefly, following treatment the cells were incubated with MTT (0.1% final concentration) in phosphate-buffered saline (PBS) for 4 h at 37°C under 5% CO 2 conditions. The purple formazan was dissolved in anhydrous DMSO and measured at 570 nm in a spectrophotometric plate reader (BioTek).
Measurement of mitochondrial transmembrane potential (⌬⌿m)
⌬⌿m was measured using JC-1 dye according to the manufacturer's protocol. Briefly, after treatment equal amounts of AGS cells (1 ϫ 10 6 ) were rinsed in prewarmed PBS and incubated in warm PBS containing JC-1 (2 M final concentration) for 15 min at 37°C in 5% CO 2 in the dark. The cells were next pelleted, resuspended in PBS, and analyzed by fluorescence-activated cell sorter (FACS) LSR Fortessa. Data were analyzed using FACS DIVA software.
Measurement of ATP content
ATP was measured using an ATP determination kit (Invitrogen) following the manufacturer's instructions. In brief, after treatment cells were lysed in cell lysis buffer, and the clear supernatant was used for the measurement of ATP in a luminometer (BioTek) as relative light units (RLU) after subtracting blank. The values were normalized by protein concentrations of the respective samples.
Confocal and super-resolution STED microscopy
For live cell confocal microscopy, to evaluate mitochondrial fragmentation, cells plated on glass-bottom dishes were washed with prewarmed media after the treatment and loaded with MitoTracker Red (100 nM, diluted in warm medium) for 20 min at 37°C in a CO 2 incubator. The cells were subsequently washed three times in warm medium and viewed under a 63ϫ oil immersion lens of the Leica TCS-SP8 confocal microscope provided with a thermo-regulated stage in a 5% CO 2 environment. Quantification of the mitochondrial length was done with the necessary thresholding in LAS X software. Approximately 100 cells were scanned, and the experiments were performed three times. The laser intensities were kept Ͻ2% throughout, and image acquisition times were kept as low as possible to avoid any possible laser-induced toxicity.
For the immunofluorescence experiments, AGS cells plated on polylysine-coated coverslips were washed with prewarmed MIF regulates mitochondrial dynamics and stability media after treatment and loaded with MitoTracker Red followed by fixation with 3% paraformaldehyde and permeabilization in 0.15% Triton X-100. Cells were next washed and blocked in 2% BSA in PBS. For measuring Bax translocation, immunostaining was done using anti-Bax primary antibodies and Alexa Fluor 488 -conjugated secondary antibodies. For Drp-1 localization, the mitochondria were stained with anti-TOM20 primary (1:100) and Alexa Fluor 488 -conjugated secondary antibodies; Drp1 immunostaining was done with anti-Drp-1 primary (1:500) and Alexa Fluor 647-conjugated secondary antibodies. MIF immunostaining was done with anti-MIF (1:250) primary and Alexa Fluor 647-conjugated secondary antibodies (1:1000) to check MIF expression. A Leica TCS-SP8 confocal microscope was used for visualization. Anti-NF-B (1:400) primary and Oregon green 488 -conjugated secondary antibodies (1:500) along with 4Ј,6-diamidino-2-phenylindole (to stain the nucleus) was used to detect nuclear translocation of NF-B. The nucleus was viewed in a separate channel to avoid overlapping of the emission spectra. For precise analysis of intracellular NF-B distribution, STED super-resolution microscopy was used wherein the samples were imaged under a 100ϫ oil immersion objective lens by a 592-nm depletion laser. Z-stacking was done during image capture, and morphometric analysis was done after binary thresholding. Digital zooming was performed as required. Images were cropped and processed globally using Adobe Photoshop CS6. Images were assembled using CorelDRAW X7 software to prepare the figures.
RNA isolation and real-time RT-PCR
Total RNA was isolated from control and experimental sets using the TRIzol method according to the manufacturer's protocol. Plausible DNA contamination was removed by treatment with rDNase (Ambion) as per the manufacturer's instructions, and the resultant pure RNA was measured spectrophotometrically. Subsequently, 2 g of RNA was used for cDNA preparation using a RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific). The obtained cDNA were diluted and used for qPCR reaction as mentioned previously (33) with primers against NF-B and GAPDH. The primer sequences were as follows: NF-B, forward, 5Ј-CCAGACCAACAACAA-CCCCT-3Ј, and reverse, 5Ј-TCACTCGGCAGATCTTGAGC-3Ј; and GAPDH, forward, 5Ј-AGTATGACTCTACCCAC-GGC-3Ј, and reverse, 5Ј-TGAAGACGCCAGTAGACTCC-3Ј. The gene expression profile was calculated by 2 Ϫ⌬⌬cq analysis and expressed as -fold change relative to control after normalization with GAPDH.
Analysis of mitochondrial copy number
The mitochondrial content was assessed by calculating the ratio of mtDNA and nuclear DNA, as mentioned previously (33) , with minor modifications. Briefly, control siRNA and siMIF-treated cells were subjected to DNA isolation using a DNA isolation kit (Qiagen). Subsequently qPCR-based amplification of nuclear and mitochondrial DNA was performed using primers specific for nucleus-encoded and mitochondriaencoded genes, respectively. The ratio of the resultant 2 Ϫ⌬⌬cq values corresponding to mitochondrial and nuclear genes was used to estimate the mitochondrial copy number. The primer sequences used in the qPCR reaction are as follows: nuclear DNA segment: forward, 5Ј-TGCTGTCTCCATGTTTGATG-TATCT-3Ј, and reverse, 5Ј-TCTCTGCTCCCCACCTCTAA-GT-3Ј; mitochondrial DNA segment 1: forward, 5Ј-CACCCA-AGAACAGGGTTTGT-3Ј, and reverse, 5Ј-TGGCCATGGG-TATGTTGTTA-3Ј; and mitochondrial DNA segment 2: forward, 5Ј-CCCTAACACCAGCCTAACCA-3Ј, and reverse, 5Ј-AAAGTGCATACCGCCAAAAG-3Ј. Calculations were normalized with the nuclear Hbb gene amplified using forward, 5Ј-CTATGGGACGCTTGATGT-3Ј, and reverse, 5Ј-GCAAT-CATTCGTCTGTTT-3Ј, primers.
Cell cycle analysis
Cell cycle analysis was performed by flow cytometric analysis. AGS cells were first harvested and fixed in chilled ethanol (70% v/v) overnight at 4°C. The fixed cells were stained in PBS containing 100 g/ml propidium iodide (P-4170, Sigma) and 20 g/ml RNase A (catalog No. 12091-039, Invitrogen) followed by analysis in BD LSRFortessa using BD FACSDiva 6.2 software.
FITC-annexin V staining for cell death determination
Apoptosis in the AGS cells was measured by annexin V-PI dual staining. Briefly, after treatment the medium was discarded and the cells were harvested by trypsinization and counted. 1 ϫ 10 6 cells were taken and stained with FITCannexin V in annexin V binding buffer (Abcam) following the manufacturer's protocol. Next the cells were counterstained with PI and finally analyzed in FACS BD LSRFortessa with a FITC signal detector and a phycoerythrin signal detector using FACSDiva software under standard parameters.
Measurement of cytochrome c content
The cytosolic fraction was isolated using a mitochondria isolation kit (Thermo Fisher Scientific), and the cytosolic (nonmitochondrial fraction) cytochrome c level was estimated using a cytochrome c ELISA kit (Quantikine ELISA, R&D Systems) according to the manufacturer's protocol.
Assay of caspase-3 activity
The caspase activity assay was performed using a commercially available caspase-3 assay kit (Calbiochem or Merck, Darmstadt, Germany) following manufacturer's protocol. Briefly, after treatment the cells were lysed in a buffer without protease inhibitor mixture. Subsequently protein estimation was done, and an equal amount of protein was used for the caspase-3 activity assay. The mixture was incubated at 37°C for 2 h, and fluorescence was measured at 505 nm.
Cloning, overexpression, and purification of human MIF
Human MIF was cloned, overexpressed, and purified as described earlier, and the identity was further confirmed by MALDI-TOF mass analysis and peptide fingerprinting (37) .
Assay of tautomerase activity of MIF
The tautomerase activity of MIF was determined as described elsewhere (37) . Briefly, the activity was determined at 25°C by MIF regulates mitochondrial dynamics and stability adding L-DOPA (0.25-1.5 mM) to the AGS cell lysate in 10 mM potassium phosphate buffer, pH 6.2, containing 0.5 mM EDTA or AGS cell culture medium; conversion of L-DOPA (colored) to indole carboxylic acid methyl ester (colorless) was measured at 475 nm.
Statistical analysis
All experiments were performed in triplicates and repeated. Statistical analyses of the data were done in GraphPad Prism 6.0, and the data were expressed as mean Ϯ S.E. Calculations of the level of significance (p) were done by unpaired t test, where the number of samples was two, and by ANOVA (followed by Bonferroni's post hoc analysis), where the experimental sets exceeded two. A p value less than 0.05 (p Ͻ 0.05) was considered statistically significant. 
